We measured effects of continuous vs twice-daily feeding, the addition of unsaturated fat to the diet, and monensin on milk production, milk composition, feed intake, and CO 2 -methane production in four experiments in a herd of 88 to 109 milking Holsteins. Methane and CO 2 production increased with twice-daily feeding, but the CO 2 :CH 4 ratio remained unchanged. Soybean oil did not affect the milkfat percentages, but fatty acid composition was changed. All saturated fatty acids up to and including 16:0 decreased ( P < .01), whereas 18:0 and trans 18:1 increased ( P < .001). The 18:2 conjugated dienes also increased ( P < .01) when the cows were fed soybean oil. Monensin addition to the diet at 24 ppm decreased methane production ( P < .01); the CO 2 :CH 4 ratios reached 15, milk production increased ( P < .01), and milkfat percentage and total milkfat output decreased ( P < .01), as did feed consumption, compared with cows fed diets without monensin ( P < .05). Milk fatty acid composition showed evidence of depressed ruminal biohydrogenation: saturated fatty acids ( P < .05) decreased and 18:1 increased ( P < .001); most of the increase was seen in the trans 18:1 isomer. As with soybean oil feeding, addition of monensin also increased ( P < .05) the concentration of conjugated dienes. The monensin feeding trial was repeated 161 d later with 88 cows, of which 67 received monensin in the diet in the first trial and 21 cows were newly freshened and had never received monensin. Methane production again decreased ( P < .05), but this time the CO 2 :CH 4 ratio did not change and all other monensin-related effects were absent. The ruminal microflora in the cows that had previously received monensin seemed to have undergone some adaptive changes and no longer responded as before.
Introduction
Methane production is an unavoidable by-product of ruminal fermentation and represents a significant energy loss to the host animal. Energy losses as methane can range from 2 to 15% of GE intake (Holter and Young, 1992; Johnson and Johnson, 1995) . The type of carbohydrate, the addition of dietary fat, the quantity of feed ingested, and the processing of forages all affect methane output (Johnson and Johnson, 1995) . Wilkerson et al. (1995) tested predictive equations for methane production in adult Holstein cows using a data file compiled from observations in their Energy Metabolism Unit. They concluded that the equation of Moe and Tyrrell (1979) was the most accurate. The prediction equations are limited because certain assumptions must be made and conversion factors are required (Holter and Young, 1992) . Therefore, methane emissions by dairy cattle may be over-or underestimated. Currently, a new technique is being tested to continuously measure the methane output from ruminants with sulfur hexafluoride ( SF 6 ) Marik and Levin, 1996) . Kinsman et al. (1995) measured methane-CO 2 emissions from a 118-cow herd of lactating Holstein cows with infrared gas analyzers. Certainly, estimates of global methane emissions from domestic ruminants (Crutzen et al., 1986; Johnson and Ward, 1996) will become more reliable after data bases are established.
In the present study, methane and CO 2 emissions were monitored continuously in a herd of 88 to 109 lactating Holstein cows kept in a tie stall barn under a practical management routine. The gas sampling and monitoring techniques were as described previously (Kinsman et al., 1995) . Our objectives were to measure methane-CO 2 output by lactating Holstein cows maintained under practical management conditions and to evaluate the effects of feeding monensin or soybean oil on methane-CO 2 emissions, milk production, and milk composition as well as ruminal fermentation patterns.
Materials and Methods

Experiments and Diets
In all experiments except Exp. 1, a continuous feeding schedule was followed. In the continuous feeding schedule, the total mixed ration ( TMR) ( Table 1 ) was fed daily at 0700 and 1600, with daily feed weighbacks at 0630. In addition to the TMR, cows were fed hay at 1300 ( 1 kg/[cow·d]) and concentrate top dress at 0800, 1100, and 1700 (Tables 1 and 2 ). In the twice-daily feeding schedule (Exp. 1), TMR was fed at 0645 and 1500, and feed weighbacks were obtained twice daily at 0915 and 1730. Milking was twice daily at 0550 and 1550. Top dress concentrate was fed to cows producing in excess of 25 L milk/d at the rate of 1 kg for every 3 L of milk over 25 L. In Exp. 3 and 4, monensin was added in the form of Rumensin (Elanco, Division of Eli Lilly, Canada), which contains monensin in a concentration of 132 g/kg, to give a final concentration of 24 ppm of monensin in the TMR and top dress on a DM basis. Representative feed samples were collected biweekly and analyzed by a commercial laboratory (Agri-Food Laboratories, Guelph, ON). Dry matter, CP, Ca, P, and Mg analyses were done according to AOAC (1984) . The ADF content of the diets was measured according to procedures of Goering and Van Soest (1970) , and TDN and NE contents were estimated according to NRC (1989) . The chemical composition of diets fed in all experiments is listed in Table 3 .
Experimental Protocol
Gas emissions from cows were monitored continuously between the periods of October 1994 and October 1996 except for days when instruments were checked and calibrated or when fan flow rates fell <3,200 L/s (Kinsman et al., 1995) . There were between 88 and 109 lactating cows used for the experiments. Four experiments were conducted between September 26, 1994, and September 30, 1996 , and the experimental protocols are listed in Table 4 .
In Exp. 1 the effects of continuous feeding vs twicedaily feeding were recorded (Table 5) . Stage 1 was the control period with a continuous feeding schedule, and stage 2 was the transition period during which the cows were gradually introduced to a twice-daily feeding schedule that was maintained during stage 3. Continuous feeding was reintroduced in stage 4.
Experiment 2 evaluated the use of unsaturated fat (soybean oil) when added to the diet. Salad dressingquality soybean oil (nonhydrogenated) was purchased from CanAmera Foods (Montreal, Québec). In this experiment, in stage 1, control concentrate without soybean oil was fed (Table 2) . In stage 2, the TMR contained soybean oil and in stage 3 the cows were again fed the control diet.
Monensin was added to the diet in Exp. 3 and 4. Experiments 3 and 4 were divided into eight stages according to the dates indicated (Table 4) . Stage 1 was the control period and stage 2 was the transition period during which monensin was gradually introduced into the diet. In stage 2, on d 1 and 2, monensin was fed at the rate of 6 ppm, on d 3 and 4 at the rate of 12 ppm, on d 5 and 6 at the rate of 18 ppm, and on d 7 and thereafter at the rate of 24 ppm. Stage 3 was the treatment period during which monensin was fed at 24 ppm. Stages 4 to 8 were the postmonensin feeding period during which the cows were again fed the control diet and data monitoring and recording were continued.
Ruminal Volatile Fatty Acid Analysis
Ruminal samples were obtained via a stomach tube before the morning feeding and analyzed as described by Fellner et al. (1997) .
Milk Analysis
Milk samples were taken from 10 randomly selected cows at the morning and evening milkings and stored at −70°C for subsequent analyses. Samples were thawed at 4°C, placed in a 40°C water bath for 30 min, and sonicated before analysis. The morning and evening samples were analyzed separately for their fatty acid composition. Total milk lipids were extracted according to Jensen (1989) and transesteri- Table 5 . Effects of continuous feeding, twice a day feeding, and the addition of soybean oil to the diet a See Table 4 for experimental phase. b Least squares means after adjusting for differences in feed intake. c,d,e,f Within a column, means lacking a common superscript differ ( P < .01). g,h Within a column, means lacking a common superscript differ ( P < .05). fied using anhydrous NaOCH 3 (Christie, 1982) . The fatty acid methyl esters were extracted with a minimum volume of hexane and analyzed directly by gas chromatography ( GC) using a 100-m fused silica capillary column (Supelco, Supelco Park, PA) as described previously (Fellner et al., 1995) . For milkfat, protein, lactose, and other solids, representative composited samples were taken twice a week and analyzed by a commercial laboratory (Canadian Laboratory Services, Ottawa, ON) by infrared transmission.
Statistical Analysis
Data from all experiments were analyzed using a mixed linear models approach with fixed and random effects and time series methods (SAS, 1989) . Correlation analysis (results not reported) indicated that DMI, of the same day as well as the next day and day after, was correlated with gas and other measures; therefore, analysis of covariance (ANCOVA) was conducted using the following model:
where m is the overall mean, stage represents the treatment term, b is the regression coefficient, F i is the same day DMI, F i−1 is the intake of the previous day, etc. In case of DMI, an autoregressive model was used that included all the terms in the above model except bF i . Least squares mean for each experiment stage was separated using pairwise comparisons and significance was declared at P < .05.
Similar models were used for weekly measures, with daily feed intake replaced by weekly aggregates. Interactions were also examined, but they were largely insignificant and therefore removed from the final model.
Milk production data measured on individual cows on a weekly basis were analyzed using the following mixed analysis of covariance model: Y i = m + stage effect + cow effect + parity effect + b(DIM) + b 1 F i + b −1 F i−1 + error, where stage, parity, and days in milk ( DIM) were fixed covariable effects and cow was assumed to be a random effect. Parity was truncated at four and DIM at ≤ 5 wk and ≥ 50 wk were excluded. Milk production and DIM were best represented by a linear relationship that precluded the need to introduce quadratic or higher terms in the model.
Ruminal VFA and milk fatty acid composition data were analyzed by including the time of sampling (before and after monensin treatment) as the main effect. In Exp. 4, specific contrasts of interest were 1 ) control (no monensin) vs once-treated and 2 ) control vs twice-treated.
For Exp. 3 and 4, daily methane output measures during each of the eight stages were matched by day between the two experiments for statistical comparisons (Figure 1 ). This daily difference was further adjusted for differences in feed intake, both of the same and of the previous day with the following model for each stage: = + + + error, where
b 0 is the adjusted stage mean (the mean daily difference during the same stage between the two experiments if there were no difference in feed intakes). A rigorous time series analysis was performed using the SAS procedure AUTOREG (SAS, 1989) to test whether b 0 = 0.
Results and Discussion
Comparison of Gas Production by Lactating Cows in the Present Experiments and in Published Reports Using Different Methods
The different methods used to measure and sample methane have been reviewed by Johnson and Johnson (1995) . These include open circuit indirect respiration chamber systems, face masks, isotopic and nonisotopic tracer techniques, prediction equations, mass balance techniques, and micro-meteorological methods. Not Figure 1 . Total herd methane emissions in the first monensin feeding trial (Exp. 3) and the repeat monensin feeding trial in Exp. 4. A to B is the transition period, and B to C is the period when 24 ppm was fed on a DM basis, followed by the postmonensin feeding period.
surprisingly, vastly different results have been reported. Data from over 400 Holstein cows gave mean methane emissions of 346 L/(cow·d) with minimum and maximum values of 96 and 615 L/(cow·d) (Moe and Tyrrell, 1979) . Crutzen et al. (1986) reported daily cow methane output as 5.5% of GE intake, or 392 L/(cow·d), and Gibbs and Johnson (1994) reported values of 453 L/(cow·d) and 384 L/(cow·d) for U.S. and European dairy cows, respectively. Wilkerson et al. (1995) reported mean methane values for lactating Holsteins (weighing 600 kg or more) of 497 L/(cow·d) with minimum and maximum values of 155 to 763 L/(cow·d). For lactating cows (7.5 to 26 kg milk/d), Kirchgessner et al. (1991) reported average methane yields of 420 L/(cow·d) and CO 2 yields of 4,940 L/(cow·d) with a CO 2 to methane ratio of 11.8. Kinsman et al. (1995) reported mean methane and CO 2 emissions of 587 and 6,137 L/ (cow·d), respectively, and a CO 2 to methane ratio of 10.5 for Holstein cattle weighing 602 kg with average milk productions of 28 kg. Stored manure contributed 5.8 and 6.1%, respectively, to total CO 2 and methane gas emissions. Mean control values for gas emissions in the present study were 622 L/(cow·d) for methane and 6,767 L/(cow·d) for CO 2 .
These large variations in recorded methane output by mature dairy cattle may in part be related to different measurement techniques as well as to the quantity and type of diets fed (Johnson and Johnson, 1995) .
In the present experiments, the control values for methane emissions (i.e., in the absence of superimposed treatments) were 622 ± 21 L/(cow·d), similar to values obtained previously (Kinsman et al., 1995) . These values apply only to mature, lactating Holsteins with body weights of 600 kg or more producing 29 ± 1.5 kg milk/d.
Continuous vs Twice-Daily Feeding
When the cows were changed from continuous feeding to feeding twice daily (Table 5 , Exp. 1 ) with a transition interval of 1 wk, methane output increased ( P < .01), as did the CO 2 emissions ( P < .05). Milk production decreased ( P < .01) with twice a day feeding and stayed lower even after the cows were returned to a continuous feeding schedule in stage 4. Similar results were observed by Mü ller et al. (1980) , who noted that with higher feeding frequency, lactating cows lost less energy in the urine but produced 8% more methane. Kirchgessner et al. (1993) also showed that there is a positive correlation between feed intake, body size, and methane production in dairy cattle.
Effect of Adding Soybean Oil to the TMR on Milk Fatty Acid Composition and Methane Production
Long-chain fatty acids inhibit methane production in the rumen, and free fatty acids may be more potent inhibitors than triacylglycerols, although the mechanism by which this occurs is still not known (Van Nevel and Demeyer, 1996) . Van Nevel and Demeyer (1996) in a summary of published data noted that free linoleic acid inhibited methane production over 50%, but lactating dairy cows fed 650 g of soybean oil per day only showed a moderate decline in methane output. In the diet used for Exp. 2 (Table 5) , 3.5% soybean oil was added to the TMR on a DM basis, which, based on daily intake, is equivalent to approximately 600 g of soybean oil per cow per day. Methane production and CO 2 output remained unchanged but the CO 2 :methane ratio increased from 10.4 to 11.3. The addition of soybean oil had no effect on milk production or the percentage milkfat. The addition of soybean oil increased ( P < .01) the relative concentration of linoleic acid (18:2[n-6]) and all the products of biohydrogenation in the milk lipids, at the expense of the shorter-chain 6:0 to 16:0 saturated fatty acids (Table 6 ). The products of biohydrogenation included cis and trans 18:1 (monounsaturated fatty acids), 18: 0, the methylene interrupted isomers of 18:2, and the conjugated 18:2 isomers, particularly 9 cis, 11 trans 18:2. The ratio of cis-18:1 to trans 18:1 changed from 15:1 to 5:1 with soybean oil feeding ( Table 6 ). The addition of soybean oil to the diet was of value with Table 6 . Changes in milk fatty acid composition with addition of soybean oil to the diet a Within a row, means lacking a common superscript differ ( *P < .05; **P < .01; ***P < .001).
Milk
Soybean regard to improving the essential fatty acid (18: 2[n-6]) profile of the resultant milk, and there was a decrease in saturated fatty acids and an increase in conjugated dienes. The conjugated dienes have been associated with inhibition of carcinogenesis and tumorigenesis (Belury, 1995) .
Effects of Monensin on Gas Production, Feed Intake, Milk Production, and Milk Composition
The results in Exp. 3 (Table 7 ) clearly show the well-documented effects of adding monensin to a dairy cattle diet. Methane output decreased ( P < .05), feed intake decreased ( P < .05), and milk production increased ( P < .05). The percentage fat and total fat showed a temporary but significant ( P < .05) decrease. Milk protein and other solids remained essentially unchanged. The change in the ratios of CO 2 :methane as a result of feeding monensin to lactating dairy cows have not been previously reported. The ratio ranged from 10:1 to 11:1 before the addition of monensin and reached a maximum of 15:1 after monensin feeding. This shows that monensin had no effect on CO 2 output, which remained constant, and methane output dropped significantly. This ratio may be helpful in determining whether decreased methane output is the result of inhibited production rates or simply reflects decreased feed consumption. It is of interest to note that with mixed ruminal bacteria growing in rumen fermenters, the CO 2 :methane ratio was approximately 3:1 (Sauer and Teather, 1987) .
In Exp. 4 (Table 7) , monensin was added to the diet during stage 3, exactly 161 d after termination of the first monensin feeding period in Exp. 3. In Exp. 4, there were a total of 88 cows, of which 67 had received monensin in Exp. 3, and 21 cows had recently freshened and had never been exposed to monensin. As shown in Table 7 , (Exp. 4 ) there was little detectable response to the addition of monensin to the diet. Even though methane output decreased ( P < .05) in stages 3 to 8, the drop was relatively small; similarly, the increase in CO 2 :methane ratio was small compared to that observed during Exp. 3. Feed consumption increased ( P < .05) and milk production decreased ( P < .05), whereas percentage fat did not change in Exp. 4. This suggests an adaptive change in the rumen microflora.
Daily changes can be noted from data in Figures 1  and 2 . Figure 1 compares the daily methane production by cows in Exp. 3 and Exp. 4 during the transition period ( A to B ) and the monensin feeding period ( B to C). The effect of feeding monensin after accounting for differences in feed intake was far more pronounced ( P < .01) in Exp. 3 than in Exp. 4 during periods A to C. After cessation of monensin feeding, the differences disappeared ( P < .10). When covariate analyses were performed to adjust for feed intake, DIM, and parity (results not shown), milk production increased ( P < .05) as a result of feeding monensin in Exp. 3 (stage 3 ) but returned to pretreatment levels by stage 7. However, similar results were not observed in Exp. 4. These results suggest that some adaptive changes had occurred in the rumen microflora.
Effects of Monensin on Ruminal Volatile Fatty Acids
In Exp. 3, ruminal fluid from 10 randomly selected cows was sampled by stomach tube and analyzed for VFA (Table 8 ) 10 d before the start of monensin feedings, then resampled 11 d after the start of fulllevel monensin feeding. As expected, the molar percentage concentration of acetate and butyrate decreased, as did the acetate:propionate ratio. The propionate concentration increased.
In Exp. 4, 10 cows were selected from the 21 newly freshened cows that had never received monensin previously and sampled 13 d before the start of monensin feeding, then resampled 8 d after the start of full-level monensin feeding ( Table 9 ). The molar concentration of ruminal VFA changed as before (Table 8) . Ten cows that received monensin twice were randomly selected from the 67 cows that had received monensin previously in Exp. 3. These cows were sampled 16 d after the start of full-level monensin feeding in Exp. 4. As shown in Table 9 , these cows had little or no VFA response to monensin. Their VFA concentration was not different from that of the control group (i.e., the cows that never received monensin).
These results indicate that even though some of the effects of feeding monensin to previously untreated cows were as expected (Sauer et al., 1989;  i.e., increased milk production, decreased methane emis- Table 8 . Ruminal VFA from 10 randomly selected cows in Experiment 3 sampled before and after feeding monensin for 2 weeks a Within a row, means lacking a common superscript differ ( *P < .05; ***P < .001). Table 9 . Ruminal VFA from 10 randomly selected cows in Experiment 4 that had never received monensin (control group), the same cows after 2 weeks on monensin treatment (treated group), and 10 randomly selected cows that received monensin in Experiment 3 and again in Experiment 4 (twice-treated group)
a NS = not statistically significant. Figure 2 . Milk production in response to monensin feeding in Exp. 3 and 4. A to B represents the transition period, and period B to C is when monensin was added to the diet at 24 ppm on a DM basis. At interval C, the monensin was withdrawn from the diet, and the herd was again fed the control diet without monensin. Table 10 . Changes in milk fatty acid composition from 10 randomly selected cows in Experiment 3 before and after feeding monensin a Within a row, means lacking a common superscript differ ( *P < .05; **P < .01; ***P < .001). sions, decreased feed intake, lower milkfat, altered ruminal VFA ratios, and changes in milk fatty acid composition), a repeat monensin treatment 160 d later to the same animals was largely ineffective. Even though it would be tempting to ascribe these results to an induced ruminal microbial resistance to monensin, this is by no means certain. In vitro studies have shown that Gram-positive bacteria can develop ionophore resistance (Dawson and Boling, 1983; Dennis et al., 1986) , and possible explanations have been proposed. These include a modification of extracellular polysaccharides, increased ion pump activity, and futile ion cycles (Russell and Storbel, 1989) . The transfer of genes encoding resistance was thought to be less likely because of the long-term (20 yr or more) effective use of monensin in the beef cattle industry. The suggestion has been made (Lana and Russell, 1996) that ionophore resistance is a fundamental aspect of growth and not the result of microbial mutation. These authors measured the concentrations of monensin required to cause halfmaximal K + depletion ( ) in ruminal bacteria and K d + observed that approximately half the population of unadapted, mixed ruminal bacteria are resistant to high levels of monensin. These populations of resistant bacteria rapidly replace the inhibited bacteria when monensin is added to the diet, and as Dawson and Boling (1983) noted, the percentage of monensinresistant bacteria declined in control animals.
Milk fatty acid
Effect of Monensin on Milk Fatty Acid Composition
Milk fatty acid composition was analyzed from 10 randomly selected cows in Exp. 3 before and after monensin treatment (Table 10 ). The fatty acid profile agrees well with that published by Wonsil et al. (1994) , with slightly higher 18:1 levels in the present work. Wonsil et al. (1994) reported a ratio of 18 for cis-18:1 to trans-18:1, whereas in our work the ratio was 5:1. Jiang et al. (1996) showed a cis-18:1 to trans-18:1 ratio of 9:1 in cow milk. Significant changes in milk composition were noted after cows were fed monensin in Exp. 3. Biohydrogenation apparently was decreased, as had been observed previously in mixed ruminal cultures (Fellner et al., 1997) . In accordance with decreased biohydrogenation, the concentration of 10:0, 12:0, 16:0, and 18:0 was depressed ( P < .05), but total 18:1 and the trans-18:1 isomer were increased ( P < .01) in concentration. Thus, in evaluating possible benefits of altered milk composition resulting from the feeding of ionophores to dairy cattle, the decrease in saturated fatty acids should be weighed against the increase in trans-18:1 formation. The changes in milk fatty acid composition as a result of feeding monensin were similar to those observed when soybean oil was added to the diet and included the increase in the 18:2 conjugated diene concentration.
Implications
Monensin was shown to be highly effective when fed to lactating Holsteins in full production. Characteristically, the cows showed improved feed efficiency and milk production together with decreased milkfat, decreased methane production, and depressed biohydrogenation, as evidenced by altered milk fat composition. The herd was allowed to revert to the premonensin state after approximately 5 mo, then placed on a second 3-wk monensin treatment. This time, none of the above changes were observed. Unlike in the first trial, rumen volatile fatty acids and acetate:propionate ratios did not show the changes characteristic of ionophore feeding. Even though the results do not offer any specific insight into why the cows did not respond as effectively in the second trial, it is clear that information is needed with respect to the optimum exposure of dairy cattle to monensin as well as the advantages, if any, of rotating ionophores with other nonionophore feed additives for maximum effectiveness.
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